A potassium transport mutant of Escherichia coli is described which is deficient in the intake of potassium. The phenotype of this mutant is characterized by (i) failure to grow in K+-deficient medium, (ii) failure to accumulate K+ in K+-deficient medium, (iii) a steady-state intracellular K+ that varies sigmoidally with the medium K+ concentration, (iv) a sigmoidally shaped rate-concentration curve and a curved reciprocal plot for net K+ uptake kinetics, and (v) a low steady-state flux of potassium associated with a reduced influx rate constant. The data are discussed in terms of the present day models of cation transport. These models have led to four possible explanations of the mutant's phenotype: (i) a selectivity reversal such that intracellular cation binding sites bind another cation instead of K+; (ii) a structural alteration of cation binding cell proteins so that K+ is bound by "cooperative binding" (sigmoid isotherm) instead of by simple adsorption (hyperbolic isotherm); (iii) conversion of an enzyme in intermediate metabolism that rate-limits K+ uptake to an allosteric protein; (iv) conversion of the "carrier protein" for K+ to an allosteric protein.
In 1960, Lubin and Kessel (21) used ultraviolet mutagenesis to isolate a potassium-deficient mutant of Escherichia coli for use in studies of the regulation of intracellular protein synthesis (22) . Lubochinsky et al. (24) studied this mutant (strain B-207) and found that it has a defect in K retention and that it exchanges cell K+ for external isotope at an accelerated rate.
Using the mutagen nitroguanidine, we have isolated a K+-deficient mutant of E. coli of a very different type. The mutant is deficient in K+ intake instead of K+ retention, and it exchanges cell K+ for extracellular isotope at a reduced rate. This paper will describe the isolation of the mutant and its potassium-accumulating characteristics. [The mutant characterized in this paper is one that we recently reported to have an abnormality of phosphorus metabolism associated with its potassium deficiency (3) . A preliminary report describing this mutant was read before the Physiological Society (Federation Proc. 25:632, 1966 ).]
The characterization presented in this paper includes a comparison of the kinetics of net uptake in mutant and wild type. Although there have been several papers describing microbial mutants with potassium deficiencies (4, 9, 36) since 1960, kinetic studies of K+ uptake in these mutants, which would be central to any considerations of the mechanism of K+ uptake, have not been reported. Conclusions concerning the nature of the potassium accumulation defect in these mutants have largely been based on experiments that employ radioactive tracers to measure rates of isotopic exchange during the steady state. The successful demonstration of the time course of our mutant's K uptake defect made our kinetic studies possible (Fig. 2 The gravimetric determination of bacterial dry weight was made on pellets that were extruded from cytocrit tubes and dried overnight at 50 C (34) .
Dry weights that were calculated from the volume fraction of the cell suspension (cytocrit) required knowledge of the pellet density and the ratio of the pellet dry weight to wet weight (34) . The Isolation of potassium accumulation mutant. The mutant was isolated by a procedure that incorporated nitroguanidine mutagenesis (L. Gorini, personal communication) and Lubin's modification (23) of the penicillin selection (5) method. Erlenmeyer flasks (250 ml) containing 10 ml of KA medium, 1% glucose, and 0.5% yeast extract (Difco) were inoculated with parent cells and shaken overnight at 37 C on a reciprocating Eberbach shaker. After 16 hr the cells were harvested by centrifugation. The cells were resuspended in 0.5 ml of sterile 0.2 M Na acetate (pH 5.0), and 0.12 ml of a filter-sterilized solution of N-methyl-N-nitroso-N'-nitroguanidine [4 mg/ml in 0.2 M Na acetate (pH 5.0); K and K Laboratories, Jamaica, N.Y.] was added. The cells were incubated with the mutagen for 3.5 hr at 37 C without shaking, centrifuged, and resuspended in 0.6 ml of sterile 0.970 NaCl.
A 0.3-mi amount of this suspension was added to 9.7 ml of the KA medium supplemented with glucose and yeast extract, and the mixture was shaken overnight at 37 C. To determine the presence of K+-deficient mutants, the "recycling" modification (23) of the penicillin selection method (5) was used.
Cell K and Na. Cells for the determination of intracellular sodium and potassium were collected on 25-mm (0.45 M) membrane filters (Millipore Corp., Bedford, Mass.) and washed with sucrose (300 mm, 37 C). The filtration was usually completed within 1 min. When necessary (Na+ determinations), a thin layer of celite (Johns Manville) was applied to the Millipore membrane prior to sampling (29) to facilitate the rapid collection of a large quantity of cells (2 to 6 mg, dry weight). (Commercial celite contains appreciable amounts of Na+ and K+. These ions are readily removed by acid washing with 1 N HCI and then washing with water until the pH of the effluent is neutral.) The filters were placed in a polyethylene container to which two drops of concentrated, doubledistilled nitric acid were added. After 30 min, the acidtreated filters were extracted for 1 hr in 5 Cell potassium was also measured by collecting bacteria in the specially designed centrifuge tubes described by Schultz and Solomon (34) . The columns of cells (pellets) extruded from these cytocrit tubes were dried and then analyzed for potassium content by digesting in nitric acid and extracting with Li water as described above.
Steady-state flux. Cells that were growing exponentially in medium KA, 1% glucose, and 18 amino acids were harvested by centrifugation, washed with 300 mm sucrose (37 C), resuspended in medium NaA (0.02 mg of dry weight/ml) containing 1% glucose, and incubated for 2 hr at 37 C to achieve a steady state with respect to intracellular K+. 42KC1 ( 
where the subscripts 1 and 2 represent the intracellular and extracellular compartments, respectively; P = the total radioactivity in the compartment in counts per minute; p* = the specific activity of 42K in the compartment in counts per minute per millimole; n = the total number of bacteria present; A = the area of each bacterium in square centimeters; 012 = the flux of K+ from the cell interior to the extracellular medium in millimoles per square centimeter per minute; and t = time in minutes.
The integrated rate equation (using the relation
In (1-P*1/P*2) -A 5 (1 + S1/S2)t (2) (17) . Addition of K+ at the end of the uptake, sufficient to raise the extracellular K+ to 0.5 mm, produced a prompt rise in cell K+ (Fig. 2, inset) .
The glucose added to initiate the K+ uptake reaction was an absolute requirement. A variety of experiments aimed at demonstrating K uptake in the absence of an energy source, as it apparently occurs in Alkaligenes faecalis (15) , were uni- formly unsuccessful. K+ uptake in E. coli, therefore, is absolutely dependent on intermediate metabolism as it is in a variety of other cell types. The kinetics of net K+ uptake of the two strains were compared by measuring the initial velocity of net uptake (determined by a minimum of four collinear points taken in 2 min or less) at various extracellular K+ concentrations. Above 100 ,pMK+, the velocity of net uptake by the two strains was identical and a plot of initial velocity against medium K+ concentration on rectangular paper had a hyperbolic curvature (Fig. 3a) . The full rate-concentration curve of the mutant, however, instead of being hyperbolic, was sigmoidal.
Maximal velocity of K+ uptake could be measured /~~~~~~~~~~~. the mutant. In the case of the parent strain, the value for maximal velocity was confirmed by the half-maximal value obtained from the Lineweaver Burke (19) plot of velocity and medium K+ (Fig. 3b) . Half-maximal velocity occurred at 200 ,uM K+. The data for the mutant, however, did not give a straight line, and the reciprocal plot could not be used for calculation of the apparent Km. Instead, the reciprocal plot had an upward curvature (Fig. 3b) . Half-maximal velocity for the mutant was obtained from the sigmoidal rateconcentration curve (Fig. 3a) . It occurred at 228 AM K+.
The differences are much more marked between parent and mutant if instead of comparing the more conventional Km values we compare the substrate concentrations at which one-tenth maximal velocity is achieved (K1llo). K1llo is 20 AM for the parent strain and 40 AM for the mutant.
Steady-state cell K+. When the net uptake experiments were allowed to proceed until the steady state with respect to cell K+ was achieved, it was found that the total potassium-fixing capacity of the mutant varied considerably with the extracellular K+ concentration, whereas the fixing capacity of the parent strain remained relatively constant (Fig. 4) . The differences in the steadystate cell K+ values were most marked when the extracellular K+ concentration was less than 100 ,UM, the region of medium K+ concentration where the net uptake differences were most pronounced. Cell Na during net K uptake. Previous reports (33) have suggested that electrical neutrality is maintained during K+ uptake in E. coli by an exchange of cell H+ for medium K+, and to a lesser extent by the exchange of cell Na+ for K+. The experiments in Table 1 were performed to determine what fraction of the cell K+ accumulated by the normal strain during net uptake in NaA medium (NaA) could be accounted for by a K+-Na+ exchange so that it could be determined to what extent an impariment of this exchange would account for the mutant's failure to accumulate K+. The results show that the parent strain accumulates 375 ,umoles of K+ as it extrudes 46
Amoles of Na, indicating that in this medium K+-Na+ exchange accounts for only 12.2% of the potassium accumulated by the cell. Since the mutant fails to accumulate 331 ,umoles of K+, it is clear that an impairment of K+-Na+ exchange, if it existed, could account for only a small fraction of the mutant's K+ uptake deficiency. Furthermore, the mutant extrudes Na+ normally in the first 46 min of the experiment. The experiments in NaA also establish that an explanation of the mutant's K+ uptake failure is not to be found in a loss of selectivity for K+ over Na+. In this medium containing 102 mm Na+, the mutant (36) . This mutant was shown to require a higher medium K+ concentration than the wild type to reach half-maximal velocity of isotopic exchange.
DISCUSSION
Although investigators are somewhat divided in their conceptions of ion transport, there is general agreement on two counts. I will refer to these as axioms I and II. Further, since the hypotheses that have been proposed to explain ion accumulation concentrate more on the details of the ion-exchange mechanism per se than on its interactions with cellular metabolism, they wiU be grouped under axiom I.
Axiom l. Ion accumulation is primarily a process of ion exchange; i.e., electrical neutrality requirements of ion uptake are satisfied by a stoichiometric exchange of extracellular and intracellular counter ions. This axiom follows di- Hypothesis A. Exchange of intracellular for extracellular cations occurs primarily at charged sites that are fixed within the cell. This model (which will be referred to as an "ion-exchange resin" model) has been proposed and comprehensively treated by Ling (20) in this country and by Troshin (38) and Kurella (16) (10) . Of the conditions that can produce selectivity reversal in ion exchangers, the most applicable is the selectivity reversal that occurs in certain ion exchangers as the concentration (equivalent fraction) of the ion in the bathing medium is increased. In this circumstance, the fixed charges are part of a lattice structure with a relatively low affinity for K+. However, when the medium K+ concentration is high enough that approximately 20% of the ion-exchange groups are converted to the K+ form, a phase transition occurs and a new lattice arrangement follows that prefers K+ to the counter ion.
In terms of the K+-deficient mutant, this would indicate that at low medium K+ concentrations the ionogenic groups prefer another intracellular cation (presumably H+) to K+ and do not fix K+ until selectivity reversal occurs at a higher medium K+ concentration.
This selectivity reversal of ion exchangers is analogous to the well-known affinity transition VOL. 95, 1968 that occurs in the dissociation of oxyhemoglobin. The difference between the simple (hyperbolic) 02 adsorption isotherm of myoblogin and the sigmoidal 02 adsorption isotherm of hemoglobin is known to depend on the monomeric structure of the former and the tetrameric structure of the latter, where the tetrameric structure produces the "cooperative binding" between the four 02-binding sites of hemoglobin that is responsible for the sigmoidal isotherm. The similar difference between the mutant and parent K+-fixing isotherms could therefore also be explained by a mutation that has altered the intracellular K+-binding sites so as to produce cooperative binding of K+. An increase in intracellular H+ concentration in such a model would exaggerate the sigmoidal K+ dissociation curve as it does oxyhemoglobin dissociation (Bohr effect).
If, in addition, the rate of solute (K+) uptake was proportional to the fraction of intracellular binding sites occupied by solute (K+), as it is in the case of adsorption [Langmuir adsorption isotherm (26) ] and in enzyme reactions (Michaelis theory), then the rate-concentration and steadystate curves in each strain would be expected to have the similar configurations that they do ( Fig. 3a and 4) .
Alternatively, the defect in the mutant may be in a metabolic pathway (axiom II). The net result of this would be a reduced rate of production of phosphorylated metabolites, which in the ionexchange resin model (Ling) (Fig. 3a) , that enzyme would necessarily be K+-dependent. The normal K+ uptake rate-concentration curve (parent strain, Fig. 3a) has a shape that is characteristic of metal-activated enzymes. Kachmar and Boyer (14) and Mudd and Cantoni (27) have, respectively, shown that the K+-activated enzymes pyruvate kinase and S-adenosylmethionine synthetase have rate-concentration curves that are hyperbolic in shape. The kinetic patterns of the mutant, however, are not typical of a simple K+-activated enzyme. Instead, they are characteristic of the class of enzymes that manifest a second site or allosteric effect: enzymes such as aspartic-transcarbamylase (25) and threonine deaminase (8) .
The curved reciprocal plot and the sigmoid Since carrier molecules are assumed to be proteins, interpretation of our data in terms of the carrier hypothesis (axiom I, hypothesis B) would be analogous to considering an enzyme in intermediate metabolism. Thus, the carrier molecule in the case of the mutant would contain two or more sites to be activated by K+. At low K+ concentrations, the rate of transfer of K+ into the cell in exchange for cell counter ion (H+) would therefore be reduced. Since the rate of entry is not rapid enough to match the driving force that presumably results from the "concentration gradient" between the intracellular and extracellular compartments, the steady-state level of intracellular K+ would fall to a subnormal level.
In my work and in this discussion, I have deliberately avoided becoming committed to a particular transport model since I consider it premature at this stage of the investigation. However, in the course of my experiments, I have been impressed by the compelling similarity between potassiumaccumulating bacteria and ion-exchange resin beads. It has been my impression that potassiumaccumulating bacteria most resemble ion-exchange resin beads, with a special affinity for potassium-beads, perhaps, which are charged for ion exchange by the H+ products of metabolism.
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